Introduction: Stage IV large cell neuroendocrine carcinoma (LCNEC) of the lung generally presents as disseminated and aggressive disease with a Ki-67 proliferation index (PI) 40-80%. LCNEC can be subdivided in two main subtypes: the first harboring TP53/RB1 mutations (small-cell lung carcinoma (SCLC)-like), the second with mutations in TP53 and STK11/KEAP1 (non-small-cell lung carcinoma (NSCLC)-like). Here we evaluated 11 LCNEC patients with only a solitary brain metastasis and evaluate phenotype, genotype and follow-up. Methods: Eleven LCNEC patients with solitary brain metastases were analyzed. Clinical characteristics and survival data were retrieved from medical records. Pathological analysis included histomorphological analysis, immunohistochemistry (pRB and Ki-67 PI) and next-generation sequencing (TP53, RB1, STK11, KEAP1 and MEN1). Results: All patients had N0 or N1 disease. Median overall survival (OS) was 12 months (95% confidence interval (CI) 5.5-18.5 months). Mean Ki-67 PI was 59% (range 15-100%). In 6/11 LCNEC Ki-67 PI was ≤40%. OS was longer for Ki-67 ≤40% compared to >40% (17 months (95% CI 11-23 months) vs 5 months (95% CI 0.7-9 months), P = 0.007). Two patients were still alive at follow-up after 86 and 103 months, both had Ki-67 ≤40%. 8/11 patients could be subclassified, and both SCLC-like (n = 6) and NSCLC-like (n = 2) subtypes were present. No MEN1 mutation was found. Conclusion: Stage IV LCNEC with a solitary brain metastasis and N0/N1 disease show in the majority of cases Ki-67 PI ≤40% and prolonged survival, distinguishing them from general LCNEC. This unique subgroup can be both of the SCLC-like and NSCLC-like subtype.
Introduction
Neuroendocrine neoplasms can originate in various organ systems and are subdivided in neuroendocrine tumors (NET) and neuroendocrine carcinoma (NEC) (1) . The most common NEC is small-cell lung carcinoma with extensive metastatic disease and poor survival rates (<10 months), comparable to SCLC (3, 5) . Furthermore, Ki-67 proliferation index (PI) of LCNEC is approximately in the same range as SCLC (40-80%), whereas the PI is distinctly lower in well-differentiated neuroendocrine tumors such as typical and atypical carcinoid (0-20%) ( Fig. 1) (6) . Based on mutational analysis, LCNEC can be separated into two main molecular subtypes: the first with mutations in TP53/RB1 (a hallmark of SCLC), the other with mutations in TP53/STK11 and/or KEAP1 genes and retained pRB protein expression (non-small-cell lung carcinoma (NSCLC)-like) (7, 8) . In addition, a LCNEC subtype with lower Ki-67 PI was identified having a MEN1 mutation and, more recently, a study showed overlapping molecular alterations between atypical carcinoid and LCNEC for TP53, RB1 and MEN1 (7, 9) .
In contrast to these high grade neuroendocrine carcinomas, a subgroup of NSCLC presents with a solitary metastasis, limited to the brain. This subgroup comprises 7% of NSCLC and shows prolonged survival compared to NSCLC with extensive metastatic disease (10) . According to current guidelines, local radical treatment of the lesions may be considered in patients with solitary brain metastases and a good performance score (11) .
In this study, we present a unique subgroup of 11 stage IV LCNEC patients harboring a synchronous solitary brain metastasis as only metastatic site. We hypothesized that those tumors had a lower KI-67 PI than general LCNEC and that those tumors were of the NSCLC-like molecular subtype. Therefore, tumors were evaluated for Ki-67 PI, pRB expression and gene mutations.
Methods
We identified 10 stage IV LCNEC patients who underwent surgical resection of synchronous solitary brain metastases by screening of pathological reports, making use of the nationwide network and registry of histo-and cytopathology in the Netherlands (PALGA, 2003-2012) (12, 13) . Furthermore, we identified one additional LCNEC patient treated in our own hospital with lobectomy and stereotactic radiotherapy targeting his solitary brain metastasis (2015) . Clinical characteristics and survival data were retrieved from medical records.
All histological samples were centrally reviewed to confirm LCNEC diagnosis according to the criteria described in the World Health Organization (WHO) classification of lung tumors, 2015 (14) . Immunohistochemistry (IHC) was performed with antibodies against Ki-67 (MIB-1) and pRB (13A10) as described earlier (13) . Ki-67 PI was assessed semiquantitatively by an experienced pulmonary pathologist (LH) as is done in usual care in our center (15) . Targeted next-generation sequencing (NGS) for TP53, RB1, STK11 and KEAP1 was performed on tumor tissue from available formalin-fixed paraffin-embedded (FFPE) blocks of the primary tumor and/or the brain metastasis (13) . In addition mutational analysis for MEN1 was performed by NGS (13) .
Median overall survival (OS) was evaluated by Kaplan-Meier analysis and differences in survival between low and high Ki-67 PI (arbitrary threshold ≤40 vs >40%) were tested for significance with log-rank test. P < 0.05 was considered significant.
The study protocol was approved by the Medical Ethical Committee of the Maastricht University Medical Centre (METC azM/UM 14-4-043). The study is performed according to the Dutch 'Federa, Human Tissue and Medical Research: Code of conduct for responsible use (2011)' regulations not requiring patients' informed consent.
Results
Eleven LCNEC patients with a synchronous solitary brain metastasis were included in the analysis (Table 1) . Mean age at diagnosis was 59 years (range 34-72),
Figure 1
Ki-67 proliferation indices (PIs) in the spectrum of pulmonary neuroendocrine neoplasms. Carcinoids have a Ki-67 PI ≤20%, whereas LCNEC and SCLC generally have a Ki-67 PI >40%. The group with Ki-67 PI >20% and ≤40% might be considered an intermediate NEN group, including high-grade NET and/or low-grade LCNEC, not specified in current WHO criteria. The majority of LCNEC patients with solitary brain metastases have a Ki-67 PI in this category. G1, grade 1; LCNEC, large cell neuroendocrine carcinoma; NET, neuroendocrine tumor; SCLC, small-cell lung carcinoma.
9/11 patients were male. For five patients, smoking history was available and mean packyears exceeded 40 years. Seven out of 11 patients had N0 disease, the other four patients had N1 disease (4/11). Nine out of 11 patients were treated with definitive therapy. Seven of those patients underwent lobectomy/pneumonectomy and surgical resection of the brain metastasis with all resection margins histopathologically free of tumor cells (Table 1: patients A-E, J and K). Of the other two patients with definitive therapy, one underwent metastasectomy and stereotactic radiotherapy + chemotherapy for the primary tumor (G). The other one underwent a lobectomy and stereotactic radiotherapy for his metastasis (F).
Mean Ki-67 PI was 59% (range 15-100%, Table 2 ). In 6/11 LCNEC Ki-67 PI was ≤40%. Both tumors with a low Ki-67 PI of 15% were diagnosed as LCNEC because of the presence of necrosis and a mitotic index of 14 and >30 per 10 high power fields, respectively (patients F and H). The patients had a median OS of 12 months (95% confidence Interval (CI) 5.5-18.5 months). A significant prolonged OS was seen in patients with a Ki-67 PI ≤40% compared to >40% (17 months (95% CI 11.0-23.0 months) vs 5 months (95% CI 0.7-9.3 months), P = 0.007; Fig. 2 ). Two patients were still alive after 5 years, a remarkable longer time than average in stage IV LCNEC patients (Tables 1 and 2 : patients G and K). A male patient of 58 years with T2N0 disease who underwent lobectomy and metastasectomy (largest tumor part 25 × 20 × 20 mm, Ki-67 PI 30%), had pulmonary recurrence after 51 months but was still alive at follow-up after 103 months. A woman of 34 years with T1N0 disease underwent a metastasectomy (two parts of tumor tissue, cross sections 8 mm and 22 mm, Ki-67 PI 40%) and was treated with chemotherapy and radiotherapy for the primary tumor. She was still alive after 86 months of follow-up, without recurrence of disease.
Tissue material of all patients was examined with IHC and NGS ( Table 2 and Supplementary Table 1 , see section on supplementary data given at the end of this article). In seven patients samples from both primary tumors and brain lesions were available. Four LCNEC patients (A-D) had a RB1 (and TP53) mutation with loss of pRB protein expression in IHC analysis, classifying as SCLClike subtype. Two LCNEC patients (E and F) had a TP53 mutation in combination with loss of pRB expression and were therefore also regarded as SCLC subtype. Absence of RB1 mutation and retained pRB expression was observed in two LCNEC patients (G and H), classifying them as NSCLC-like subtype. Both NSCLC-like tumors had low Ki-67 PI (40 and 15%, respectively). One LCNEC (I) had carbo, carboplatin; cis, cisplatin; eto, etoposide; gem, gemcitabine; N/a, not available; OS, overall survival; PD, progressive disease; pem, pemetrexed; PFS, progression-free survival; PR, partial response; PY, packyears; RTx, radiotherapy; SRT, stereotactic radiotherapy; WBRT, whole brain radiotherapy.
a RB1 mutation, but retained pRB expression. Another tumor (J) was RB1 wildtype and had a KEAP1 mutation, but showed also loss of pRB expression. The last LCNEC (K) had KEAP1 and TP53 mutations in the primary tumor (no pRB available) and additional STK11 and RB1 mutations as well as a different TP53 mutation in the metastatic lesion. Therefore, those last three tumors could not definitely be classified as SCLC-like or NSCLC-like LCNEC. No MEN1 mutations were identified in the LCNEC cases.
Discussion
We here present the clinical and molecular features of a unique Dutch multicenter cohort of 11 LCNEC patients with synchronous solitary brain metastases. Whereas the majority of stage IV LCNEC patients endure an aggressive disease, this subgroup presents with limited disease and a relatively low Ki-67 PI. Stage IV LCNEC thus is a heterogeneous disease. In this series, OS was 12 months and two long-term survivors (>5 years) were observed. On the contrary, stage IV LCNEC generally presents as disseminated disease with limited survival time (3, 5) . So far, only few series including oligometastatic LCNEC patients have been reported, and this is the first series describing solely LCNEC patients with solitary brain metastases (16, 17) . Furthermore, only a minority of patients with stage IV LCNEC present with N0/N1 disease. In our recent study, 27% of patients had N0/N1 disease (extracted from (13)). Remarkably, in this series of patients with solitary metastases, 64% of patients have N0 disease and 36% N1 disease.
The prolonged survival of patients in this study with a Ki-67 PI ≤40% suggests that Ki-67 PI might be used as a prognostic factor in LCNEC patients with solitary brain metastases. A prognostic role for Ki-67 PI has already been shown in pulmonary neuroendocrine neoplasms, specifically separating favorable subgroups with Ki-67 PI <25 vs ≥25% (18). The current WHO guideline for lung cancer does not include Ki-67 PI for classification of neuroendocrine neoplasms (14) . However, Ki-67 PI has been shown to be ≤20% for pulmonary NET and >40% for NEC (6) . Although the mean value of Ki-67 PI in this study was 59% and therefore falls within the NEC category, the majority of the patients had a Ki-67 PI ≤40%. This implicates that a subgroup of neuroendocrine neoplasms with a Ki-67 PI >20% but ≤40% does exist (Fig.  1) . This subgroup might comprise high-grade NET, which has been recently described in several studies although not recognized in current WHO classification (19, 20, 21) . However, in those series, the tumors had a carcinoid morphology and absence of TP53 and RB1 mutations. In contrast, in our study all patients had LCNEC morphology and all exhibited TP53 and/or RB1 mutations or loss of pRB expression but no MEN1 mutations. Therefore, the patients in this study more likely comprise low-grade LCNEC with a Ki-67 PI >20 but ≤40% (Fig. 1) .
Since the solitary metastatic state is clinically more comparable to NSCLC than to SCLC, we hypothesized that most LCNEC patients with solitary metastases would be of the NSCLC-like subtype. However, six patients were classified as SCLC-like and only two as NSCLC-like. The remaining three patients could not definitively be subclassified. Interestingly, mutations were identical in six out of seven patients with available samples of both primary tumor and metastatic lesion. This suggests that mutation of TP53, RB1 and/or STK11/KEAP1 occurs prior to tumor cell dissemination in LCNEC (8) . In one patient, a TP53 and KEAP1 mutation was found in the primary and metastatic lesion, whereas another TP53 and additional RB1 and STK11 mutations were also found in the metastasis. This suggests that primary and metastatic lesions of this patient were clonally related and additional mutations in the metastasis probably developed later in tumorigenesis. Mutational characteristics have not been reported before for LCNEC patients with solitary brain metastases or oligometastatic disease. Nine of 11 patients in this series were treated with definitive therapy (resection or stereotactic radiotherapy) for both primary and metastatic lesions, instead of standard treatment for stage IV LCNEC with palliative chemotherapy. Retrospective studies in NSCLC with solitary brain metastases have shown extended OS in patients treated with definitive therapy for primary and metastatic tumors (22) . No data regarding definitive therapy is available for solitary metastases in SCLC and LCNEC. However, limited data on this subject is available for oligometastatic SCLC and LCNEC, revealing prolonged OS after definitive therapy (17, 23) . Since retrospective datasets are prone to confounding by indication, prospective randomized trials are necessary to confirm the effect of definitive local treatment.
Conclusion
We present 11 LCNEC patients with a solitary brain metastasis and relatively low Ki-67 PI in the majority of the patients. Although presence of solitary brain metastases resembles NSCLC more than SCLC, presence of a solitary metastasis was not restricted to NSCLC-like LCNEC. 
